A rteriovenous malformations (AVMs) are abnormalities of the intracranial vessels that constitute a connection between the arterial and venous systems and lack an intervening capillary bed. 7, 19, 22, 25, 30, 34 According to reports, 0.1% of the population harbors an AVM, 3, 8 and both sexes are equally affected. AVMs are the leading cause of nontraumatic intracerebral hemorrhage in people less than 35 years old. 37 Most lesions come to patients' attention in their 40s and 75% of the hemorrhagic presentations occur before the age of 50 years. 7 In addition, AVMs can cause debilitating headaches, seizures, and progressive neurological deficits due to ischemia of the surrounding abbreviatioNs AVM = arteriovenous malformation; DSA = digital subtraction angiography; GKS = Gamma Knife surgery; HR = hazard ratio; NBCA = N-butyl cyanoacrylate; RAS = Radiosurgery AVM Scale; RIC = radiation-induced change; SRS = stereotactic radiosurgery. obJective A combination of embolization and radiosurgery is used as a common strategy for the treatment of large and complex cerebral arteriovenous malformations (AVMs). This study presents the experiences of partially embolized cerebral AVMs followed by Gamma Knife surgery (GKS) and assesses predictive factors for AVM obliteration and hemorrhage. methods The interventional neuroradiology database that was reviewed included 404 patients who underwent AVM embolization. Using this database, the authors retrospectively analyzed all partially embolized AVM cases followed by GKS for a residual nidus. Except for cases of complete AVM obliteration, the authors excluded all patients with radiological follow-up of less than 2 years. Logistic regression analysis was used to analyze the predictive factors related to AVM obliteration and hemorrhage following GKS. Kaplan-Meier analysis was used to evaluate the obliteration with a cutoff AVM nidus volume of 3 cm 3 and 10 cm 3 . results One hundred sixty-two patients qualified for the study. The median patient age was 26 years and 48.8% were female. Hemorrhage presented as the most common symptom (48.1%). The median preembolization volume of an AVM was 14.3 cm 3 . The median volume and margin dose for GKS were 10.92 cm 3 and 16.0 Gy, respectively. The median radiological and clinical follow-up intervals were 47 and 79 months, respectively. The annual hemorrhage rate was 1.71% and total obliteration rate was 56.8%. Noneloquent area (p = 0.004), superficial location (p < 0.001), decreased volume (p < 0.001), lower Spetzler-Martin grade (p < 0.001), lower Virginia Radiosurgery AVM Scale (RAS; p < 0.001), lower Pollock-Flickinger score (p < 0.001), lower modified Pollock-Flickinger score (p < 0.001), increased maximum dose (p < 0.001), and increased margin dose (p < 0.001) were found to be statistically significant in predicting the probability of AVM obliteration in the univariate analysis. In the multivariate analysis, only volume (p = 0.016) was found to be an independent prognostic factor for AVM obliteration. The log-rank (Mantel-Cox) test of the Kaplan-Meier analysis (chisquare = 54.402, p < 0.001) showed a significantly decreased obliteration rate of different cutoff AVM volume groups of less than 3 cm 3 , 3-10 cm 3 , and more than 10 cm 3 . No independent prognostic factor was found for AVM hemorrhage in multivariate analysis. coNclusioNs Partially embolized AVMs are amenable to successful treatment with GKS. The volume of the nidus significantly influences the outcome of radiosurgical treatment. The Virginia RAS and Pollock-Flickinger score were found to be reliable scoring systems for selection of patient candidates and prediction of partially embolized AVM closure and complications for GKS.
brain tissue, 22, 28 with a significant effect on quality of life and working activity of individual patients. 4, 29 Because AVMs are rare cerebral vascular diseases, prospective multicenter studies to determine the natural history of long-term treatment results are rare. Consequently, AVMs continue to be a significant challenge in the cerebrovascular community, and opinions differ concerning the optimal treatment of these lesions. 9, 13, 40, 41 The treatment of cerebral AVMs requires a multidisciplinary approach that includes microsurgery, endovascular embolization, and stereotactic radiosurgery (SRS). The first case of AVM embolization was described by Luessenhop and Spence in 1960, which was achieved by indiscriminately injecting silicone microspheres directly into the carotid artery. 27 With the advancement of new materials, endovascular embolization has become an important method for treating AVMs. Symptoms of vascular steal phenomena, venous hypertension, and seizures may benefit from endovascular embolization. 14, 23, 26, 31 In the last several decades, Gamma Knife surgery (GKS) has been demonstrated to be a safe and highly effective treatment for AVMs; the reported obliteration rate of the AVM nidus varies from 70% to 94% using this method. 11, 16, 18, 24, 35 For large and complex AVMs, when microsurgery is considered too risky, a combination of embolization and SRS is used as a routine strategy and may render an originally untreatable AVM in a lesion potentially curable. 1, 6, 45 In this study, we present our combined treatment experience with a large cohort of patients harboring partially embolized AVMs followed by GKS and assess the predictive factors for AVM obliteration and hemorrhage after GKS. Grading systems for radiosurgery were also evaluated by our series.
methods patient population
Between May 2002 and March 2012, 404 consecutive patients with cerebral AVMs underwent coil embolization at Beijing Neurosurgical Institute and Tiantan Hospital. Of these 404 patients, 180 cases of partial embolization were further treated with GKS at the Beijing Gamma Knife Radiosurgery Center. A retrospective review of these collected databases was performed. Except for cases of completely obliterated AVMs, we excluded all patients with radiological follow-up of less than 2 years. One hundred sixty-two (90%) of the 180 patients underwent follow-up. The study protocol was approved by the Institutional Review Board at Beijing Tiantan Hospital. After hospitalization, all patients in our department sign an informed consent form with the understanding that the patient's clinical and radiological data may be used for scientific research or for publication; the privacy of patients was strictly protected.
treatment strategy for avms
For ruptured AVMs, the choice of treatment was based on the patient's anatomy and condition. Surgery and embolization were the first options because they are associated with an immediate result. When embolization was chosen as the first-line treatment, the first embolization session was usually performed at least 1 month after the bleeding event. For ruptured AVMs, GKS was used in selected patients as a complementary treatment in cases of incomplete treatment with surgery or embolization, or as firstline treatment if the AVM was untreatable by surgery or embolization. For unruptured AVMs, indications for treatment were based on the balance between natural history of hemorrhage and the risks associated with the treatment. Embolization was often used as the first-line treatment followed by GKS in cases of incomplete embolization.
endovascular embolization
Endovascular treatment was performed under general anesthesia. The femoral artery was punctured and a 6-Fr femoral artery sheath was placed. According to the AVM's location, a 6-Fr guiding catheter was inserted into the responsible artery. A flow-directed microcatheter (Marathon; ev3) was navigated through a feeding artery into the AVM nidus under roadmap guidance. Superselective angiography was performed through a microcatheter to analyze the structure of the AVM nidus and to ensure the suitable position of the microcatheter. When intranidal aneurysms or hemodynamic aneurysms were found by superselective angiography, they were embolized during the procedure. We usually use Onyx (Covidien) as the embolic agent. However, in cases with high-flow fistulas or short-feeding pedicles, coils or N-butyl cyanoacrylate (NBCA) was used for embolization. When Onyx was used, we first used normal saline to flush the microcatheter, and then filled the empty space with 0.25 ml of dimethyl sulfoxide. Then we slowly inject Onyx under a blank roadmap. When we observed the Onyx reflux or passage in the draining vein, the "reflux-hold-reinjection" technique was used. At the end of the treatment, the microcatheter was gently removed. Embolization was stopped when it was impossible to get the microcatheter into the AVM or inject Onyx into the nidus.
gamma Knife surgery
GKS treatment was performed using the Leksell Gamma Knife Perfexion machine (Elekta). The radiosurgical procedure began with the positioning of the Leksell stereotactic helmet (G model, Elekta Instrument AB). The patient was then transferred to neuroradiology for brain MRI (1.5-T Magneton Vision, Siemens). The acquired images were transferred to the workstation (Leksell GammaPlan) for the definition of the target. The treatment target (residual nidus) was defined by 3D stereotactic MRI and digital subtraction angiography (DSA). Using a combination of DSA and MRI, the nidus was delineated and treated with radiosurgery. The embolized nidus was usually not included in the radiation targeting; however, the origin of the draining veins was usually included in the radiation targeting. Each patient's neuroimaging studies were evaluated by an attending neurosurgeon and neuroradiologist at Beijing Tiantan hospital (X.H. and Y.L.). If a patent residual nidus was demonstrated 3 years after GKS, a second GKS treatment was considered.
Follow-up protocol
Patients underwent MRI every 6 months after GKS. Control DSA was performed 2 years after GKS but could sometimes be conducted earlier or delayed depending on the results of MRI. The MRI and DSA studies were performed at a combination of facilities, including those at the interventional neuroradiology department of Tiantan Hospital, Gamma Knife Center of the Beijing Neurosurgical Institute, and outside hospitals. All imaging studies were reviewed by 3 attending neurosurgeons and an attending neuroradiologist at Beijing Neurosurgical Institute (X.H., Y.J., X.L., and Y.L.).
Computed tomography or MRI was performed for neurological deterioration. Hemorrhage was defined by imaging studies. For the annual hemorrhage rate, the number of risk years was defined as the total time across all patients from radiosurgery to either AVM obliteration or to the last clinical follow-up evaluation in patients without hemorrhage symptoms. Patients were evaluated by DSA to confirm AVM obliteration only after MRI demonstrated the absence of a residual lesion. AVM obliteration was defined by the absence of abnormal arteriovenous shunting on DSA. Radiation-induced changes (RICs) were identified as T2-weighted perinidal hyperintensities on postradiosurgical MRI. These changes were considered to be symptomatic if correlated with clinical presentations such as headache and seizure.
Clinical status before and after treatment, and at the time of follow-up, was evaluated using the modified Rankin Scale scoring system. AVM closure was censored at the date of DSA demonstrating no residual nidus; AVM obliteration time was calculated from the date of GKS to the date of AVM closure. For annual hemorrhage rate, the number of risk years was defined as the total time across all patients from radiosurgery to either AVM obliteration or to last clinical follow-up evaluation in patients without hemorrhagic symptoms.
statistical analysis
We performed the statistical analysis using SPSS (version 17.0, SPSS Inc.). The descriptive data analysis was conducted using a t-test for continuous variables and the chi-square test for categorical variables. A Kaplan-Meier univariate analysis was performed to analyze AVM closure at follow-up and to find a cutoff volume for obliteration. Predictive factors that were analyzed included the following: age, sex, hemorrhage history, AVM volume, AVM location, draining vein location, number of veins, maximum and margin GKS dose, presence of RICs, SpetzlerMartin grade, Pollock-Flickinger score, modified PollockFlickinger score, and Virginia Radiosurgery AVM Scale (RAS) score. The predictive factors listed above were first analyzed by univariate analysis and then by logistic regression analysis. The hazard ratio (HR), 95% confidence interval (CI), and p value were determined for each predictive factor. All statistical analyses were 2-sided. An HR with a 95% CI not including 1.0, and a p value < 0.05, was defined as statistically significant.
results patient population
One hundred sixty-two patients treated with a combination of embolization and GKS qualified for the study.
We analyzed 79 females (48.8%) and 83 males (51.2%), and the median age was 26 years (Table 1) . Thirty-two patients (19.8%) were less than 18 years old. Hemorrhage presented as the most common clinical symptom in 78 cases (48.1%); other symptoms included headache in 49 cases (30.2%), seizure in 32 cases (19.8%), and neurological deficit in 15 cases (9.3%).
endovascular embolization and gKs treatment parameters
The parameters for endovascular procedures before GKS were as follows: median nidus volume 14.3 cm 3 ; median Onyx volume 1.8 ml; embolization < 50% for 76 cases (46.9%), 50%-90% for 80 cases (49.4%), and > 90% for 6 cases (3.7%); embolization-related complications in 24 cases (14.8%); and median duration before GKS of 3 months. Patients underwent embolization once in 124 cases, twice in 40 cases, 3 times in 12 cases, and 4 times in 6 cases. The time interval between embolization and GKS ranged from 1 day to 1236 days, with a mean of 151 days, and a median of 99 days. The median GKS parameters were as follows: residual nidus volume 9.01 cm 3 , margin dose 16 Gy, and maximum dose 33.3 Gy. There was a deep AVM location (basal ganglia, thalamus, or brainstem) in 86 cases (53.1%) and a superficial location in 76 cases (46.9%); and a noneloquent area in 53 cases (32.7%) and an eloquent area in 109 cases (67.3%). Superficial venous drainage occurred in 85 cases (52.5%) and deep venous drainage in 77 cases (47.5%). There were multiple draining veins for 95 cases (58.6%) and a single draining vein for 67 cases (41.4%). The Spetzler-Martin grade was I in 20 cases (12.3%), II in 47 cases (29%), III in 50 cases (30.9%), and IV in 45 cases (27.8%). The Virginia RAS score-which is calculated by preradiosurgical hemorrhage history, AVM nidus volume, and AVM eloquence location-was 0 or 1 in 18 cases (11.1%), 2 in 47 cases (29%), 3 in 63 cases (38.9%), and 4 in 34 cases (21%). The Pollock-Flickinger score-which is based on age, AVM nidus volume, and location-was a mean of 1.84, median of 1.55, and range of 0.52-7.04. The modified Pollock-Flickinger score was a mean of 1.61, median of 1.27, and range of 0.52-6.74. The details of AVM and radiosurgical management are shown in Table 1 .
radiological outcomes Following gKs
The mean duration of radiological follow-up was 48 months (4 years) with a median of 47 months (3.9 years), and a range of 11-109 months (0.9-9.1 years). Every AVM nidus obliteration was confirmed by DSA, and the total AVM obliteration rate was 56.8% (92 cases) at follow-up (Fig. 1 upper) . A cutoff of 3 cm 3 and 10 cm 3 in AVM nidus volume before GKS was identified using the most informative cutoff methodology from our series. According to the literature and the findings of our series, there were 3 volume ranges of the AVM nidus relevant for radiosurgery: < 3 cm tion rates in the < 3 cm 3 , 3-10 cm 3 , and > 10 cm 3 volume groups were 94.12%, 61.29%, and 33.33%, respectively.
predictors of avm obliteration
By univariate regression analysis, we found that noneloquent area, superficial location, decreased volume, lower Spetzler-Martin grade, lower Virginia RAS score, lower Pollock-Flickinger score, lower modified PollockFlickinger score, increased maximum dose, and increased margin dose were statistically significant in predicting the probability of AVM obliteration. According to multivariate analysis, only decreased AVM volume (p = 0.005) was revealed to be the factor independently associated with AVM obliteration. The univariate and multivariate regression analyses of predictors of obliteration are detailed in Table 2 .
predictors for post-gKs hemorrhage
Over a total of 995.9 risk years, 18 hemorrhages occurred in 18 patients after GKS, and the annual postradiosurgical hemorrhage rate was 1.81%. Five patients died of hemorrhage, and the annual mortality rate was 0.5%. Seven patients (4.3%) experienced permanent clinical deterioration (5 deaths, 2 with limb numbness) at follow-up because of post-GKS hemorrhage. No hemorrhage happened after complete obliteration. Deep location, aneurysm, increased volume, decreased maximum dose, decreased margin dose, higher Virginia RAS score, higher PollockFlickinger score, and higher modified Pollock-Flickinger score were associated with postradiosurgical hemorrhage based on univariate logistic regression analysis. However, no predictor was independently associated with post-GKS hemorrhage after multivariate analysis. The details of the logistic regression analyses are shown in Table 3 .
clinical outcomes Following gKs
The mean clinical follow-up duration was 74.8 months radiosurgical grading systems for obliteration rate and complication events The Pollock-Flickinger, modified Pollock-Flickinger, and Virginia RAS scores were divided into subgroups according to different score values. The obliteration rates according to Pollock-Flickinger scores of < 1, 1.01-1.50, 1.51-2.00, and > 2.00 were 75.0%, 68.2%, 64.9%, and 28.6%, respectively. The obliteration rates according to these same score ranges for the modified Pollock-Flickinger score were 80.8%, 51.2%, 64.3%, and 25.6%, respectively. The obliteration rates according to Virginia RAS scores of 1, 2, 3, and 4 were 88.9%, 68.1%, 50.8%, and 35.3%, respectively. These grading systems could be reliable scoring systems for the prediction of partially embolized AVM closure after GKS. Table 4 details the associations between radiosurgical grading systems and AVM obliteration.
Post-GKS complications including hemorrhage, seizure, and headache were assessed to evaluate the effectiveness of radiosurgical grading systems in predicting complications after radiosurgery. The percentage of complications according to Pollock-Flickinger scores of < 1, 1.01-1.50, 1.51-2.00, and > 2.00 were 12.5%, 4.5%, 13.5%, and 38.8%, respectively. The percentage of complications according to modified Pollock-Flickinger scores of < 1, 1.01-1.50, 1.51-2.00, and > 2.00 were 11.5%, 7.0%, 14.3%, and 43.6%, respectively. The complication rates of Virginia RAS scores 0-2, 3, and 4 were 7.7%, 23.8%, and 29.4%, respectively. Table 5 details the associations between radiosurgical grading systems and post-GKS complications. Increasing Virginia RAS score resulted in a gradually increased complication rate.
discussion
The goal of treating AVMs with SRS is to reduce and ultimately, with obliteration, eliminate the future hemorrhage risk. After radiosurgery, the mechanisms of AVM obliteration include progressive intimal thickening, thrombosis of irradiated vessels, and eventual occlusion of the vascular lumen. 38 This result can usually be obtained after a period of 2-3 years after radiosurgery, although some AVMs may require a latency of 3-5 years after treatment to obtain a complete closure.
11 Some studies show a radiosurgical obliteration rate of 70%-94%. 11, 17, 43 In our series, the obliteration rate was 56.8%, lower than most reported radiosurgical series. 11, 17, 43 Through a matched case-control approach, Kano et al. 20 found that patients with pre-SRS embolization had a lower obliteration rate than patients who had not undergone embolization. All the AVMs in our group are partially embolized before GKS. Our results showed that pre-GKS partial embolization decreased the rate of obliteration of AVMs after radiosurgery. However, patients in our group included more AVMs with maximum diameters larger than 3 cm, which are those with a lower probability of closure. The table row beneath the x-axis shows the number of patients with obliteration at each time point on the axis. lower: Kaplan-Meier estimate for those with pre-GKS AVM volume less than 3 cm 3 , 3-10 cm 3 , and greater than 10 cm 3 . The median obliteration times for 3 groups were 25.8 months, 65.3 months, and 73.7 months, respectively. The log-rank test revealed that there was a significant difference among 3 curves, and the obliteration rate of the group with an AVM volume less than 3 cm 3 was higher than the other 2 groups (chi-square = 54.402, p < 0.001). The table beneath the x-axis shows the number of patients with obliteration at each time point on the axis for the 3 groups. Figure is available in color online only.
In our study, multivariate analysis indicated that only decreased AVM volume (p = 0.005) was independently associated with obliteration. This is understandable because radiation dose depends mainly on nidus volume, provided that radiation dose follows international standards. We further identified a cutoff nidus volume separating obliterated from nonobliterated cases by our experience and previously published studies. An AVM nidus < 3 cm 3 responds with a high obliteration rate to single-stage radiosurgery, whereas an AVM nidus > 10 cm 3 is significantly less likely to respond with obliteration, and the obliteration rate of an AVM nidus of 3-10 cm 3 is somewhere in between. This should be kept in mind when selecting patients with AVMs for radiosurgery.
A smaller nidus volume allows for higher radiation dosage and could increase the obliteration rate with fewer radiation complications. However, although we should decrease the AVM volume as much as we can when it does not add to the complication rate, there are some important principles we should follow during embolization. We follow the principle of "targeted embolization" during our endovascular procedure. The goal of targeted embolization is not to eliminate the nidus in 1 procedure, but to eliminate the aneurysms and fistulae with a high hemorrhage risk when left untreated. If it is impossible to decrease the AVM nidus volume to a suitable size for GKS by embolization, we use targeted embolization to decrease the hemorrhage risk for AVMs, and this provides a safe latency for GKS to take effect. In addition, the obliteration rate was lower for deeply located AVMs when compared with cortical AVMs. Therefore, during embolization of large-volume AVMs, we should try to eliminate the deeper part of the nidus and attempt to make the residual nidus compact after embolization. Some of the AVMs that were treated with GKS were very small, and most of these were located in the basal ganglia, thalamus, brainstem, or cerebellum. During embolization, reflux of the liquid embolic agent may lead to fatal complications, and our goal for these AVMs was to eliminate the fistula or aneurysms for reducing hemorrhage risk. Our results contribute to the understanding of GKS treatment of AVMs and to the goal of minimizing individual patients' risks and optimizing treatment results. Most of our patients were treated with Onyx as the only embolization agent (86 cases) or at least once (12 cases) during more than 1 endovascular treatment procedure. Some patients had NBCA as the only embolization agent (60 cases). A few patients (4 cases) were treated using silk or coils combined with a liquid embolization agent. When comparing the outcome of patients treated at least once with Onyx for (98 cases) with non-Onyx patients (using NBCA, silk, coils, or in combination; 64 cases), we did not observe a statistically significant difference between the 2 groups (p > 0.05). However, the obliteration rate with Onyx (53.1%, 52/98) was lower than in the non-Onyx group (62.5%, 40/64). A larger study population is needed to further elucidate the difference between these 2 subgroups.
The annual incidence of hemorrhage of unruptured and untreated brain AVMs is 2%-4%, with approximately 38% to 71% of patients with brain AVMs presenting with intracranial hemorrhage. 12 Hemorrhage risk during the obliteration time is the major drawback of radiosurgical treatment. In the first 5 years after radiosurgery, AVMs had an annual bleeding rate of 2%-3% with a 3.7% hemorrhage risk and a 2.5%-4.5% bleeding frequency. 5, 15 In 1604 patients suffering from AVMs and treated with GKS, Karlsson et al. observed 49 cases (3%) of bleeding within 2 years after radiosurgery. 21 In our series, 17 hemorrhages (10.5%) occurred during 995.9 risk-years at follow-up. Among these 17 patients, 12 had already experienced bleeding at the onset, while 5 had never bled. The annual bleeding rate was 1.71%. Five cases died due to hemorrhage and the mortality rate was 3.1%. Most patients who experienced bleeding (15 cases, 88.2%) harbored AVMs with deep locations or AVM-related aneurysms (9 cases, 52.9%). During univariate analysis, deep location (p = 0.01) and aneurysms (p = 0.017) were significantly correlated with hemorrhage. However, in multivariate analysis, this association did not reach a statistically significant value, probably because of the low number of events.
In our cases, patients presenting with seizures experienced decreased seizure frequency or were seizure-free following GKS in 17.9% (29/162) of all the cases. In 4 patients the seizure frequency increased, and half of these patient underwent further operations for intractable epilepsy with antiepileptic drugs. Headache was observed in 7 cases and 4 of these cases were caused by radioactive cerebral edema. All of the headache symptoms disappeared at follow-up. Five patients experienced permanent clinical deterioration because of hemorrhage, and 25 patients showed transient clinical decline.
In 1986, Speztler and Martin proposed a classification system aimed to predict the clinical outcome after resection of AVMs. 39 They also argued that the proposed classification did not have the same accuracy in predicting clinical outcome in patient candidates for radiosurgical or endovascular treatment. The present study confirms that the Spetzler-Martin classification system is not suitable for radiosurgical cases in predicting hemorrhage complication (p > 0.05). In univariate analysis of factors predicting obliteration after GKS, lower Spetzler-Martin grade was related to higher obliteration rate. However, this significance was not noted in multivariate analysis, mainly because only the volume (p = 0.016) was found to be an independent prognostic factor for AVM obliteration in the multivariate analysis, and volume was 1 component of the Spetzler-Martin classification system.
In 2002, Pollock and Flickinger proposed a classification system for AVM candidates for radiosurgery and showed that this system was able to predict the outcome in patients undergoing GKS for cerebral AVMs treated at the Mayo Clinic between 1990 and 1997. 33 This classification system was very simple and consisted of the use of 3 main parameters (volume, age, and location). Over the last 5 years, many authors confirmed the importance of the system for deeply located AVMs, 2, 36 in pediatric patients, 10, 44 and for AVMs undergoing radiosurgery with a linear accelerator. 2, 44 In a later study, published in 2008, the authors simplified the previous classification drafted in 2002, using parameters such as the age of patients, and the volume and location of AVMs. The latter parameter, instead of being divided into 3 subcategories, was divided into only 2 subcategories: deeply located AVMs versus all other locations. 32 The new classification system proved to be more accurate in predicting the clinical outcome in the authors' series. In the present series, the Pollock-Flickinger score and modified Pollock-Flickinger score were both demonstrated to be reliable tools in predicting obliteration and hemorrhage in univariate analysis. In this study, by grouping these 2 scoring systems we found that the obliteration rate gradually decreased from the lower score group to the high score group (Fig. 2) .
In 2013, Starke et al. 42 performed a study to analyze the outcomes following GKS for AVMs and to make a practical scale for predicting long-term outcomes. The Virginia RAS score was created such that patients were assigned 1 point each for having an AVM volume of 2-4 cm 3 , eloquent AVM location, or a history of hemorrhage, and 2 points for having an AVM volume greater than 4 cm 3 . Lower Virginia RAS score was significantly related to higher obliteration rate by univariate analysis in our series. We further analyzed the efficacy of grouped Virginia RAS scores for obliteration and post-GKS complications. Pre-GKS Virginia RAS score also showed good predictive abilities in both obliteration rate and complications during follow-up (Fig. 2) .
In summary, previous studies have identified nidus volume, patient age, location, venous drainage pattern, and previous embolization as predictors of outcome after GKS. Various AVM grading systems relevant to radiosurgery have been based on combinations of those parameters. We presented a retrospective review of our own data searching for experiences of GKS treatment for partially embolized AVMs and predictors of obliteration and hemorrhage.
Our study had many limitations. The study is monocentric and retrospective, with a relative small population. The goal was to analyze a population of patients treated in a homogeneous way, with a standardized technique of endovascular embolization and a homogeneous technique for radiosurgery. However, combined treatments for AVMs were complicated and most of the combined treatment strategies were individualized. Post-GKS hemorrhage was only diagnosed by CT when patients experienced headache, and asymptomatic hemorrhage was rarely detected by MRI during follow-up.
conclusions
GKS treatment is safe and efficient for partially embolized AVMs. However, for partially embolized AVMs, the obliteration rate following GKS is still low. Using multivariate analysis, the only independent factor found to be predictive for AVM obliteration was nidus volume. Reported radiosurgical grading systems (Pollock-Flickinger, modified Pollock-Flickinger, and Virginia RAS) were reliable scoring systems for selection of candidates with partially embolized AVMs for GKS. When considering a patient harboring a partially embolized AVM as a candidate for GKS, these parameters could be used to predict AVM closure and complications. 
